ABSTRACT: The susceptibility of 7 d old veliger larvae of the scallops Argopecten ventricosus and Nodipecten subnodosus, the penshell Atrina maura, and the Pacific oyster Crassostrea gigas to a pathogenic strain of Vibrio alginolyticus was investigated by challenging the larvae with different bacterial concentrations in a semi-static assay. The results indicate that the larvae of the 2 scallop species are more susceptible to the V. alginolyticus strain than those of the oyster and the penshell. Signs of the disease were similar to bacillary necrosis described in previous work. Interspecies differences in susceptibility to pathogens are discussed.
INTRODUCTION
Most of the current scallop aquaculture industry relies on wild spat collected from selected sites, although this method shows wide variations in yields over time. Hatchery production, as an alternative method, does not provide a reliable source of spat for the industry because of the high susceptibility of the larvae to pathogenic bacteria. Susceptibility of cultured scallop larvae to Vibrio bacteria has been demonstrated in several scallop species such as Argopecten ventricosus (Sainz et al. 1999) , Euvola (Pecten) ziczac (Freites et al. 1993) , Argopecten purpuratus (Riquelme et al. 1995) , Aequipecten irradians (Tubiash et al. 1965) , and Pecten maximus (Nicolas et al. 1992 (Nicolas et al. ,1996 . P. maximus spat production requires prophylactic addition of chloramphenicol to larval cultures at 2 French hatcheries to eliminate gradual or sudden larval mortality (Nicholas et al. 1996) . While oyster hatcheries are not immune to Vibrio outbreaks (Brown 1973 , DiSalvo et al. 1978 , Elston & Leibovitz 1980 , Garland et al. 1983 , the huge Pacific oyster aquaculture industry of Crassostrea gigas, which is now practiced around the world, has relied (with the exception of Japan) for a long time on hatchery spat. This suggests that larvae of certain groups of mollusks may have stronger innate internal defenses than others, or perhaps there are differences in the maturation rate of the immune system during early development. This is supported by the results of a susceptibility study by Tubiash et al. (1965) , who found that larvae of A. irradians were more susceptible to a Vibrio strain than 3 other lamellibranch species (Mercenaria mercenaria, Crassostrea virginica, and Ostrea edulis) and 1 shipworm (Teredo navalis) species. Nicolas et al. (1992 Nicolas et al. ( , 1996 suggested that differences in susceptibility could not result from inherited resistance, but were due to the occurrence of highlypathogenic species-specific bacteria. Strains isolated from dead scallop larvae were highly virulent to the scallop but not to oyster larvae, and vice versa. A Vibrio strain was only pathogenic to Manila clam (Tapes philippinarum) larvae and postlarvae, but not to oyster (C. gigas) and scallop (P. maximus) larvae (Nicolas et al. 1992) . Very little is known about immune reactions in early stages of invertebrate life cycles (see review of Dyrynda et al. 1995) . However, some elements (degradative enzymes, phagocytosis, and reactive oxygen metabolites) of the immune system in adult Mytilus edulis are also present in the trochophore and veliger larvae of this species (see review of Dyrynda et al. 1995) . Recently, Mitta et al. (2000) found that synthesis of the antimicrobial peptide mytilina occurs during metamorphosis of larvae of Mytilus galloprovincialis, and the antimicrobial peptide defensin is detected when metamorphosis is finished.
In the present paper, veliger larvae of 4 bivalves, comprising 2 scallops (Argopecten ventricosus and Nodipecten subnodosus), a penshell (Atrina maura) and the Pacific oyster (Crassostrea gigas) were challenged with different concentrations of Vibrio alginolyticus selected from several strains of the same and other species (V. tubiashii, V. parahaemolyticus, V. vulnificus and V. campbelli) tested in 24 h bioassays on veliger larvae of A. ventricosus. V. alginolyticus was isolated during bacterial screening in a shrimp hatchery.
MATERIALS AND METHODS

Bacteriology.
A Vibrio alginolyticus strain named APSA2 was isolated from a hatchery of white shrimp (Farfantepenaeus vannamei) postlarvae, in La Paz, Baja California Sur, Mexico, during bacterial screening. The isolate was identified as V. alginolyticus by Dr. John McInroy at Auburn University, Alabama, USA. The strain was kept in Luria-Bertani medium (LBM) containing 3% NaCl and stored at 4°C until needed. For the susceptibility assays, liquid bacterial cultures were prepared in trypticase soy broth (TSB) (Difco). To find the optimum salinity for bacterial growth, a preliminary assay was run by inoculating the strain into TSB media containing 0.5, 2.0, 5.0, and 10.0% NaCl. Cultures were incubated at 28°C, and growth was estimated by reading absorbance of the cultures in a Spectronic Genesys 2 spectrophotometer at 580 nm, and at 0, 2, 4, 8, 10, and 24 h from inoculation. With these results ( Fig. 1) , bacterial cultures were subsequently prepared in 2% NaCl TSB.
Bivalve larvae. Adult Argopecten ventricosus, Nodipecten subnodosus, Atrina maura, and Crassostrea gigas, were brought to the hatchery at Centro de Investigaciones Biologicas del Noroeste, La Paz, and were conditioned for spawning for at least 15 d in 1100 l fiberglass tanks containing sea water at 25°C and 36 ‰. Broodstock were fed with 1.5 × 10 5 cells ml -1 of an algal mixture of Chaetoceros calcitrans, Isochrysis galbana, and C. gracilis (1:1:2). Half of the water was changed daily. After the conditioning period, the bivalves were induced to spawn by thermal shock (one species at a time) and the resulting larvae were cultured in 5000 l conical tanks with filtered (3 µm) sea water at 25°C, 36 ‰. The larvae were fed with 3.0 × 10 5 cells ml -1 of I. galbana and C. calcitrans (1:1). On Day 6, the largest larvae were selected and removed with a plankton net, washed with filtered sea water, and resuspended in 20 ml sterile sea water at the same temperature and salinity as the cultures. The larvae contained in a 0.1 ml sample in a petri dish containing a drop of 10% formalin were counted under a stereomicroscope; 200 larvae were transferred to 150 ml glass bottles, containing 40 ml of filtered (1.0 µm) and heated (70°C; 3 h) sea water at 23°C and 36 ‰. This gave a larval density of 5 larvae ml -1 , similar to the densities used in commercial hatcheries. The bottles were aerated with an air bleed connected to an inline filter paper (3 µm), and covered with aluminum foil to exclude dust and debris.
Comparative susceptibility assays. Before starting the susceptibility assays, the bacterial cultures were washed twice by centrifugation at 1431 × g (Beckman GS-15 R centrifuge) with sterile (filtered and heated) saline solution (2% NaCl), and resuspended in the same sterile saline solution to eliminate the TSB medium and bacterial metabolites. Preliminary experiments showed that TSB medium was toxic to the larvae. The 7 d old veliger larvae of the 4 lamellibranch species were challenged by inoculating APSA2 cells into the bottles to give initial concentrations of 0.1 × nary experiments we found that exposing penshell larvae to the pathogen for 1 d was sufficient to produce the disease (Fig. 2) . One set of larvae with no bacterial additions served as controls. Each treatment was run in quadruplicate. Susceptibility was estimated by subtracting the moribund and dead larvae sinking to the bottom at different exposure times from the original number (200 larvae). Moribund larvae had closed valves, low ciliary activity and empty stomachs. Dead larvae showed no ciliary activity in the velum and gut, and had degraded tissues or empty valves. Signs of the disease were documented. With survival data, the median lethal concentration (LC 50 ) was calculated at different exposure times using the method of Rand & Petrocelli (1985) .
A 1-way analysis of variance (ANOVA) using the Ftest was used to analyze the difference between treatments and controls. Values of F < 0.05 were considered significantly different. Where significant differences were found, Tukey's HSD test was used to identify the nature of these differences (p < 0.05).
RESULTS
The results of the assays on the 7 d old larvae of the 4 bivalve species at different Vibrio alginolyticus APSA2 concentrations (Fig. 3) show that survival in all lamellibranch species tested decreases when pathogenic bacteria concentration increases. However, important differences in susceptibility were seen among species. The most susceptible species at higher concentrations was the catarina scallop Argopecten ventricosus. Survival of its larvae was slightly affected at 0.1 × 10 5 cells ml -1 during the 6 d of experimentation (Fig. 3b ), but at concentrations of 0.5 × 10 5 cells ml -1 survival decreased rapidly to 28% in just 3 d (Fig. 3c) , and at 2.5 × 10 5 cells ml -1 nearly all the larvae were dead in the same period of time. Survival of larvae of the lion's paw scallop Nodipecten subnodosus was higher than for the catarina scallop at concentrations of 2.5 × 10 5 cells ml -1 or lower (p < 0.05), but at higher concentrations nearly all larvae were dead, similar to those of the catarina scallop (p < 0.05). In contrast, during the first 4 d in all treatments, survival of penshell (Atrina maura) larvae remained above 60% and after this time survival decreased to 0% at concentrations above 2.5 × 10 5 on Day 6. Veligers of the Pacific oyster Crassostrea gigas were the most resistant larvae tested. Survival was near 40% in all treatments even on Day 6 (Fig. 3) . Mortality occurred gradually in all treatments without the sudden mortality seen in typical epizootic events. Survival in the controls was similar in the 4 species (p < 0.05), varying between 66% (A. maura) and 75% (C. gigas) on Day 6 (Fig. 3a) .
From these results, the LC 50 was calculated for each species at the different exposure times. The results (Table 1) show a higher susceptibility of the catarina (Argopecten ventricosus) and the lion's paw scallop (Nodipecten subnodosus) larvae to the pathogenic bacteria than the rest of the test species. On Day 1, the LC 50 was >10 × 10 5 cells ml -1 for all species tested. However, on Day 2, 1.3 × 10 5 and 3.9 × 10 5 cells ml -1
of Vibrio alginolyticus APSA2 were needed to kill half the A. ventricosus and N. subnodosus larvae, respectively, and >10 × 10 5 cells ml -1 to kill half of A. maura and Crassostrea gigas larvae. Similarly, on Day 4, the LC 50 was 0.3 × 10 5 and 1.5 × 10 5 cells ml -1 for A. ventricosus and N. subnodosus larvae, respectively, and >10 × 10 5 cells ml -1 for A. maura and C. gigas larvae. On Days 5 and 6, a sudden decrease in LC 50 was measured in penshell larvae, from 5.0 × 10 5 cells ml for oyster (C. gigas) larvae showed that this species was the least susceptible to V. alginolyticus APSA2. Its LC 50 remained at >1 000 000 cells ml -1 during the first 5 d, and then declined to 6.7 × 10 5 cells ml -1 on Day 6.
The common signs of a bacillary necrosis disease (Tubiash et al. 1965) were observed in the larvae of the test species. Bacteria swarming around the velum, diminished swimming, generalized ciliar paralysis, empty stomachs, and necrotic tissues were common signs. Abnormal swimming in circular patterns and ciliar and velar detachment were seen in only a few larvae.
DISCUSSION
The results of the present work show important differences in susceptibility between lamellibranch larvae challenged with Vibrio alginolyticus APSA2. The larvae of the 2 scallop species tested were more susceptible to V. alginolyticus APSA2 than the penshell and the oyster, which supports our hypothesis of a higher susceptibility of scallop larvae to bacterial diseases. The same results were obtained by Tubiash et al. (1965) , who challenged different lamellibranch larvae with the same ethiological agent. In their study, signs of disease were observed in all larval species tested in the first 5 h from seeding the vibrio. After 7 h, 50% mortality was reported in Pecten maximus larvae, whereas in the rest of the species (Mercenaria mercenaria, Ostrea edulis, and Teredo navalis) mortality was <25%. These results confirm commercial scallop and oyster hatchery data, whereby oyster larvae appear to be less susceptible than scallop veligers. The high virulence of a strain producing vibriosis in just a few hours after seeding probably resulted from the high bacterial (>10 × 10 5 cells ml -1
) and larval (25 ml -1
) concentrations used by Tubiash et al. There is still the question of why scallop larvae are more susceptible to Vibrio strains than other species. One approach is to examine the defense mechanisms of larvae and juveniles, as in the study of the defensive capabilities of disaggregated cells of Mytilus edulis larvae by Dyrynda et al. (1995) and the study of Mitta et al. (2000) on the syntesis of antimicrobial peptides in M. galloprovincialis. Mitta et al. reported that mytilin synthesis begins during larval metamorphosis and defensin syntesis ocurred when metamorphosis is complete. Differences in the defense systems of adult scallops and other bivalves are likely to exist. For example, the granular hemocytes which play a role in the defense system (Cheng 1981 , Rodrick & Ulrich 1984 of oysters and mussels are not present in the hemolymph of scallops (Auffret 1985) .
The susceptibility of catarina scallop (Argopecten ventricosus) larvae to Vibrio alginolyticus APSA2 was higher than that recorded by Sainz et al. (1999) in similar experiments using larvae of the same species and age but challenged with a different strain of V. alginolyticus. In our experiments, the LC 50 was 0.3 × 10 5 cells ml -1 on Day 4 (Table 1) , against 6.5 × 10 5 cells ml -1 in Sainz's experiments over the same period of time. This could result either from strain-to-strain variations in virulence which have been reported elsewhere (Sugumar et al. 1998) or from variations in the quality of the larvae. Sugumar et al. found strain-to-strain variations in V. splendidus II on Pacific oyster larvae, with isolates from infected larvae being generally more virulent than those from other sources. Larval quality is difficult to assess, and this is usually inferred from survival rates during larval cultures. An example could be the differences in survival between penshell larvae (Atrina maura) challenged by 1 × 10 6 cells ml -1 of V. alginolyticus APSA2 bacteria in the preliminary assay of this work (Fig. 2) versus the assay shown in Fig. 3 . Survival in the preliminary experiment dropped steadily down to a mean survival of 40% on Day 4, whereas no appreciable mortality occurred in the same period of time during the later assay. The co-occurrence of undernourishment of the oocytes and suboptimal conditions such as temperature and salinity might have had a combined effect on the later assay, increasing the virulence of the pathogenic bacteria (Elston 1984) .
Our work demonstrates the higher susceptibility of scallop larvae to pathogenic bacteria compared to other bivalve species. We believe that research work on the defense mechanisms of molluscan larvae in progress will confirm these findings. Susceptibility to bacterial diseases could be one of the most important criteria to define whether a certain species or group of species is suitable for spat production in a hatchery.
